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Who cares aboutsatellite drag: @ Nppitcations ASTRA
Satellite drag errors degrade capability to:
* Maintain accurate catalog of all space objects
* Predict and avoid space collisions
 Predict satellite reentry time & location

RESIDENT SPACE OBJECT DETECTIONS
- "USING NAVSPASUR RADAR

IRIDIUM_33 RIC .
Time (UTCG): 10 Feb 2009 19:55:59.806
Radial (km): _~8203.318099
In-Track Ckm): 1996.081625
Cross-Track (km): —6799.254721
Range (km): %(10840.139965' R
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from Picone et al. 2005
SOLIth POle Earth Inertial Axes
10 Feb 2009 19:55:59.806 " -

4/17/2015 M. Pilinski 5


http://celestrak.com/events/collision.asp
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Direct Atmospheric Impacts
* Density = f(Temp, Composition)
* Winds

Thermosphere

p(ng,ng ny ny,.ny), T

Indirect Atmospheric Impacts
(through force coefficient)

* Composition

* Temperature

* Winds

* Mean-Free Path
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ADAM Overview and Benefits 2 Applications

Resident Space Objects (LEO) ADAM Architecture

satellite drag and
density observatjons

HIGH LATITUDE FORCING SOLAR FORCING

* Orbit observations SUPER-ENSEMBLE OF FULL-PHYSICS MODELS
*GPS

* Accelerometers
0 /Nz ‘ e _
* Mass Spec trometer NOWCAST AND FORECAST OUTPUT PROCESSING, VALIDATION

LOWER BOUNDARY FORCING

Image credit:NASA

Atmospheric

conjunction Dens ity orbital analysis
analysis e
Assimilation

Model
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e Improved performance during

geomagnetic storms Image credit: TerraMetrics, Google
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Requirement

Goal

Nowcast

Outperform JBO8

JB08: 7-18% at 200-800km

Outperform HASDM
(Jacchia ‘70, with 60-90 objects)

HASDM: 6-10% at 200-800km

72h Forecast

Outperform JBO8 in forecast mode

Outperform HASDM in forecast
mode

G. Crowley, M. Pilinski, J. Wolfe




ADAM Overview and Benefits
e

“

Resident Space Objects (LEO)

satellite drag and
density observatjons

* Orbit observations
*GPS

* Accelerometers
*O/N,

L]
Image credit:NASA Mass SpeCtrometer

Atmospheric

conjunction Density
analysis = e
Assimilation

Model

Results

e Improved satellite orbit nowcast
and 72h forecast
* Improvements over HASDM and JBO8
* Up to three-fold improvement during
storms and solar minimum
* Densities, winds, and composition . .
outputs Output information
* Covers altitudes from 30 km to feeqs fito 'eX{stmg
1500 km orbit prediction and

* Improved performance during determination tools

geomagnetic storms
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ADAM Architecture

HIGH LATITUDE FORCING SOLAR FORCING

SUPER-ENSEMBLE OF FULL-PHYSICS MODELS

LOWER BOUNDARY FORCING

NOWCAST AND FORECAST OUTPUT PROCESSING, VALIDATION

orbital analysis

Super-Ensemble Approach
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Important Inputs to the
Thermosphere — lonosphere System

Solar EUV Input

High Latitude

Neutral density
Inputs

Coupled Thermosphere —lonosphere- Composition
E-fields Electrodynamics Temperature
Particles Wind

T Electron density
Dynamo E-fields

Tides and Gravity Waves
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HIGH LATITUDE FORCING SOLAR FORCING

L) Unified High Latitude Module |

SUPER-ENSEMBLE OF FULL-PHYSICS MODELS
TIE, TIME, CTIPe, Empirical Models

NetCDF files containing nowcast and 72h forecast
fields and uncertainties (p,U,V,T...) from each model

: feedback

NOWCAST AND FORECAST OUTPUT PROCESSING, VALIDATION
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81-day Density
|

JBO8 —
NO ASSIMILATION AT THIS STAGE > ADAM o

JBO8 and ADAM about 15% RMSE

254107

2.0.10"

1.5¢10"

Density [km/m”3]

1.0410"

5.0410""

01/01/04 | 01/01/06 | 01/01/08
JBO8 and CHAMP densities compared with best performing model in super-ensemble of full-

physics members (based on 40-day trailing average)
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Feasibility: storm response-modeling % Applications

2.0x10°1 - . . — 2.0x10°11 - — - .
- CHAMP satellite measurements | " CHAMP satellite measurements
— JB08 Climatology TIMEGCM, AMIE Assimilation
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Improvements in neutral density when high-latitude electric fields are specified using
assimilated electric fields
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* Multiple model (super-ensemble) approach

* Dynamically tuned models result in optimum background
atmospheric state

e Data Assimilation

e Graceful degradation in case of input-stream or model
interruption

* Inclusion of TIME-GCM allows for specification of densities
in the re-entry regime, down to 30km

* Inclusion of Helium in several models allows for drag
computation up to 1500km

G. Crowley, M. Pilinski, J. Wolfe 15
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O~ <

Run starts as cronjob. Determine real time, start time

* Implemented and tested
with:
* TIE, TIME, CTIPe

Found
restart file?

Subtract run
cadence from time

Set run parameters, based on found

restart file
1

e Ensembles executed in
parallel on multiple cores

OK to run?

o EXIT with WARNING

Unified Input Create input file and run script, copy
Database any necessary data files,
Launch run

e Schedule based rather than

event based operation — Crashed ccheck Ttitl;s Running .
omplete?
* Leads to graceful

degradation in event of

data-loss
End time = N Increment start

EXIT successfully current > time, restart file
time?

EWal
IO

G. Crowley, M. Pilinski, J. W0
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Optimal Interpolation{ * Applications

Static Ensemble
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HIGH LATITUDE FORCING SOLAR FORCING

L) Unified High Latitude Module |

SUPER-ENSEMBLE OF FULL-PHYSICS MODELS
TIE, TIME, CTIPe, Empirical Models

NetCDF files containing nowcast and 72h forecast
fields and uncertainties (p,U,V,T...) from each model

: feedback
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 TLE’s are being used as a stand in for orbital arcs analysis

— Cadence and arc length is a conservative stand-in for the
special-perturbations approach available operationally to the
customer

— Will transition to 6-hour arcs from special perturbations
analysis in Phase Il

 Temporary Drawbacks
— Lower signal-to-noise
— Latency (~1 day)

G. Crowley, M. Pilinski, J. Wolfe 20
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Orbit Average Drag Measuremet B,
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Effective Mass Densities: TLE04382

5.10'13 T T T T T |

4+107"

Recent 3/15/2015 Storm
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Options for'additional in & Apglications
P additional

Bringing It All Together

Assimilated Data Types

Data Type Assimilation
Time Span

Orbit Average Drag 6-72 h Infer observed energy dissipation rate (EDR)
i.e. Calspheres, DANDE, from general perturbations (TLEs) or special
POPACS perturbations (high task tracking data). Select

30-90 objects with stable ballistic coefficients.
Orbit Average Densities 24 hours Already processed high-task tracking data

Orbit Resolved Drag: GPS  15-30 min Observed EDR from special perturbations and
GPS measurements

Orbit Resolved Drag: 15 min Observed acceleration at 10-45 sec cadence
accelerometers (Swarm) (in-track and cross-track), binned to 15 min
O/N2 (GOLD, DMSP-SSUSI) 30 min Dayside disk composition

Mass Spectrometer 10-30 sec In-situ day and night composition
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Dynamic Calibration from
Observations of Satellite

EXPLORER VII

_/ﬂ. 1\

o T l..’r‘

POPACS 1,2,3 RIGIDSPHERE 2 AZUR (GRS A)

PAM-D (left), SL-3 (center), SL-8 (right) rocket body outlines, shown to scale

190 — 900 km altitude, £90° latitude coverage

G. Crowley, M. Pilinski, J. Wolfe
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e New state-of-the-art assimilative model of the
thermosphere is being developed

* |nclude many of the lessons learned from NADIR
MURI project (funded by AFOSR)

e 1Styear into a 2-yr project

* Expected to meet AF goals and requirements for
specifying satellite drag

* Future plans to make outputs commercially
available to civilian customers
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Thank You! U

We appreciate your questions and feedback
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Relative importance of\\arious scales

24 Hour Orbital In-Track Error at 400km
Circular Orbit

* Large scale perturbations 200 — . l . . .
. . . rd
can be misrepresented in 180l % \ % ‘”@.%_

empirical models
160 o

,7,)6
. Z P
140 0’7) Ny
L ™~ i
120 2 '8 3
3 7
i > 25, |
100 S, m -
80 | 0m _
Sm
60 \ m
25 5

* |t takes long-wavelength
perturbations to cause
significant position errors

Perturbation Amplitude in %

* 3U sun-pointing CubeSat

Coh | 0.02 [mzlkg] 40T om — M3
" 20 Cr[r)1A =0.00276 [mzlkg] 25m —-
* 100m errors are considered 07000 2000 3000 4000 5000 6000 7000 8000 9000 10000
“significant” by USAF at 400 Wavelength (km)
km altitude [Anderson et al. [Anderson et al. 2009]
2008]

G. Crowley, M. Pilinski, J. Wolfe 26
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Relative importance of-Vario

scales

What physical processes are important?

* Large scale storm structures

200
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60

Perturbation Amplitude in %

40

20
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24 Hour Orbital In-Track Error at 400km
Circular Orbit

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength (km)

[Anderson et al. 2009]
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What is'Satellite Drag

Relative importance of-Vario

o

scales

What physical processes are important?

e Seasonal variability
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24 Hour Orbital In-Track Error at 400km
Circular Orbit

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength (km)

[Anderson et al. 2009]
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Relative importance of-Vario

o

scales

What physical processes are important?

* Density cell

200

180

160

140

120

100

80

60

Perturbation Amplitude in %

40

20

*»*Science b
+¢+ Technology : °~

+»* Applications

24 Hour Orbital In-Track Error at 400km
Circular Orbit

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength (km)

[Anderson et al. 2009]
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Relative importance of\\arious scales

What physical processes are important?
200
180
160
140
120
100
80

* Cusp enhancement*

60

Perturbation Amplitude in %

40

20
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24 Hour Orbital In-Track Error at 400km
Circular Orbit

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength (km)

[Anderson et al. 2009]

*not a persistent feature on these time scales
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Relative importance of\\arious scales

What physical processes are important?

200
180
160
140
120
100

80

60

* Non-hydrostatic effects* 40

Perturbation Amplitude in %

20

*»*Science b
+¢+ Technology : °~

+»* Applications

24 Hour Orbital In-Track Error at 400km
Circular Orbit

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength (km)

[Anderson et al. 2009]

*not a persistent feature on these time scales
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